Abstract. Chile is highly exposed to tsunamigenic events, as the one occurred in September 16, 2015; however, it has not been until recent years that land-use policies have begun to be considered. These new regulations must identify the most 
of the Coquimbo Bay was completely destroyed, not only by the water, but also by boats and other objects washed ashore (Soloviev and Go, 1975) .
Although Chile is highly exposed to these high-energy marine events, it has not been until recent years that land-use planning has begun to be considered. Despite an incipient development of national urban policies is observed after the February 27, 2010 tsunami (Lunecke, 2016) , tsunami impact remains a cause for economic and life losses. Among the main 5 advances in land-use planning the Chilean Ministry of Housing and Urban Planning (MINVU) has started to define tsunami hazards areas and, in addition, the National Emergency Office (ONEMI) has included civil protection plans for tsunamigenic events. However, to minimize the losses associated with future tsunamis, it is necessary to assess buildings vulnerability from what is estimated the probable maximum loss (Dall'Osso et al., 2009a) . Recently, Aránguiz et al. (under review) have developed fragility curves to assess tsunami damage in Coquimbo after the 2015 tsunami. This method can serve as an 10 adjunct to the PTVA models, like a macro level identification in the assessment tsunami damage builds because offers a binary classification ("low" or "high"). However, it does not include structural details or engineering factors, which are variable in each building. On the other hand, PVTA models include a wider range of variables in the vulnerability assessment. This work evaluates the vulnerability to the tsunami impact for the La Serena-Coquimbo conurbation in the scenario occurred on September 16, 2015 after the tsunami generated by the Illapel earthquake (Mw 8.4). The tsunami had a 15 maximum wave height of 4.7 m in Coquimbo (SHOA, 2016) and caused 11 fatalities (CCT-ONEMI, 2015) . For that, we first reconstruct the flood in the cities after inundation heights measured in the field and then, we estimate the Relative Vulnerability Index (RVI) using the PTVA-3 (Dall 'Osso et al., 2009a) and PTVA-4 (Dall'Osso et al., 2016) models. Finally, we validate our results by comparing them with the real damages the constructions suffered after the event evaluated by MINVU. This exercise allows us establishing which model can be considered a better approach for tsunami building 20 vulnerability assessment based on the real damages reported after a high-energy marine event.
Study area
The cities of La Serena and Coquimbo (412, 586 inhabitants) are located in the Coquimbo Region (North-Central Chile), in the so-called "Norte Chico" (Fig. 1) . The distance between the oceanic trench and the coast here varies between 80 and 100 km, i.e. it is smaller than in other regions of Chile, where the most typical distances range between 120 and 140 km (Fuentes 25 et al., 2016) . According to Tassara et al. (2006) and Pardo et al. (2002) in this zone the subduction angle of the Nazca plate is almost horizontal at depths close to 100 km. This almost horizontal geometry of the plate gives rise to a strongly coupled inter-plate contact, a highly compressed continental crust with back-arc seismicity and shortening of the crust, together with the absence of active quaternary volcanoes in the Andes Cordillera (Jordan et al., 1983) .
The Coquimbo Bay is open to the Northwest providing natural protection against the dominant southwestern swells. The 30 submarine part of the bay shows a wide marine platform, close to 10 km, with gentle slope on the seabed. In particular, the Coquimbo Bay exposes depths that do not exceed 50 m inside the bay (Aránguiz et al., 2016) . It presents a gentle topography and a more than 110 km long sandy beach only interrupted by the mouth areas of the Culebrón stream and Elqui River which are characterized by the existence of marshlands, much larger in the first case. This marsh parallel to the coast behind the foredune is currently largely anthropized and a high percentage of its original surface is now part of the urban area (Fig. 1) . 35
In the Coquimbo -La Serena conurbation, the urbanization process and the coastal border occupation have caused a convergence in the coastal space of several uses causing conflicts (Hidalgo et al., 2009) . At present, due to rapid growth and discrepancies in the coastal sector regulations (Maureira, 1998) Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org /10.5194/nhess-2018-25 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 7 February 2018 c Author(s) 2018. CC BY 4.0 License.
Methodology

GIS Geodatabase
We developed a Geographic Information System (GIS) based geodatabase that gathers different spatial information needed for the vulnerability calculation. On the one hand, the city cartography was downloaded from the Copernicus Emergency Management Service of the European Union webpage (http://emergency.copernicus.eu) whereas the tsunami flood scenario 5 was reconstructed after a field survey (see section 3.2).
Tsunami inundation map
To reconstruct the flood scenario a field survey was carried out the week after the occurrence of the tsunami. During the campaign, 24 inundation heights were measured distributed across the flooded area (Fig. 2) . These measures combined with those published by the National Geology and Mining Service (SERNAGEOMIN, 2015) and the inundation limit allowed us 10 to model the inundation height in the urban area (a total number of 266 points). The map was estimated using the Geostatistical tool in ArcGIS 10.3 and including a 1 m/pixel Digital Elevation Model as an external drift as the flood height is topography dependent. The obtained modelled map (10 m/pixel) presents a RMSE = 0.54. This field-based reconstructed scenario was used to obtain the flood depth value for each assessed building along the affected area, an essential parameter for the vulnerability index calculation. 15
Vulnerability index calculation
We first verified that the spatial information integrated in the GIS geodatabase corresponded with the reality. In those cases where it did not, the polygons were manually modified. Information was also added on buildings under construction as well as those destroyed by the 2015 tsunami. The attributes for each polygon were collected during a field campaign. A total of 65 out of 1,239 buildings (5.2%) were not accessible and classified as "No access". 20
From the different methods published for building vulnerability calculation we chose the PTVA as it has been proved to be a dynamic model in the estimation of tsunami vulnerability across different coastal urban centres around the world. The first and second versions of the model were applied in the Gulf of Corinth, Greece (Papathoma and Dominey-Howes, 2003) and Seaside, Oregon, USA (Dominey-Howes et al., 2010) respectively. After improvements to the model, its third version was tested on the coast of New South Wales, Australia (Dall'Osso et al., 2009b) and has been widely used to assess the 25 vulnerability of several coastal localities such as the Aeolian Islands (Italy; Dall'Osso et al., 2010) ; Figueira da Foz (Portugal; Barros et al., 2013) ; Setúbal (Portugal; Santos et al., 2014) ; the south of the Boso Peninsula (Japan; Voulgaris and Murayama, 2014) ; the southwest Atlantic coast of Spain (Abad et al., 2014) ; Naples (Italy; Alberico et al., 2015) and Chabahar Bay (Iran; Madani et al., 2016) . Lately, a fourth version of the model has been tested at Botany Bay, Sydney (Australia; Dall'Osso et al., 2016) . 30
The PTVA-3 model
The RVI calculation depends on the Structural Vulnerability (SV) and the Vulnerability to Water intrusion (WV) (Fig. 3) .
WV is calculated by the relation between the number of inundated levels and the total number of levels, while the SV calculation considers the attributes of the building structure (Building Vulnerability; Bv), the building flood depth (Exposure; Ex) and its protection level (Prot) (Fig. 3) . 35
The Bv calculation considers 6 different attributes ( Fig. 3 ; Table 1 ). The material attribute (m) was modified and adapted to the constructions methods of Northern Chile ( Table 2 ). The Prot calculation includes 4 attributes ( Fig. 3 
The PTVA-4 model
In the PTVA-4 model, the RVI calculation depends on the same parameters as in the PTVA-3 model, i.e. SV and WV (Fig.   3 ). WV is obtained through the same approach as the PTVA-3 but in this model the parameter accounts for buildings with raised ground floor that will only be inundated if the water depth above the terrain level exceeds the elevation of the ground floor. On the other hand, the attribute mo is now included in the parameter Surr (previous Prot) instead of in BV so all the 5 attributes that consider the building surroundings are now in only one parameter ( Figure 3 ; Table 4 ). The other modified attribute is Shape and Orientation (so) that was renamed as Shape of Building Footprint (sh) and his values are described in Table 4 and Fig. 3 . In addition, in this model, as in the PTVA-3 model, the attribute m was modified and adapted to the constructions of northern Chile (Table 2) . Finally, the Ex calculation is the ratio between the water depth impacting the building (WD) and the maximum effective water depth in the study area (WD max). After all procedure, Dall'Osso et al. 10 (2016) suggest that for a better displaying of the RVI results in the case of the PTVA-4 model a more sophisticated technique should be used. We used technique based on the Jenks' Natural Breaks Algorithm (Jenks, 1977) , obtaining the final scaling for the RVI classification.
Model validation
The vulnerability results obtained in the PTVA-3 and PTVA-4 models were compared with the real damages caused by the 15 tsunami to validate both models with a real event on the northern coast of Chile. We used the information provided by MINVU, a total of 484 analysis that correspond to a technical evaluation for the residential houses located in the area hit by the tsunami focused on Baquedano (sector 2) in Coquimbo (Fig. 1 ). This information was integrated in the geodatabase and compare with our RVI results ( Table 5 ). The building damage classification used by MINVU consists of 4 categories that range from minor damage to non-reparable whereas the RVI obtained from the PTVA models involves 5 categories. To 20 facilitate the comparison of both scales, we have unified the high and very high RVI scores. The expected RVI for each building can then be correlated with its degree of damage described after the tsunami impact. In this sense, Dall'Osso et al.
(2016) specify that the RVI scores cannot be used to predict which buildings will reach or exceed a given damage state but to relatively compare the expected performance of each building. Therefore, the aim of our comparison is not to provide a damage description to a given RVI score but to verify if the low RVI scores correspond to minor building damages and vice 25 versa.
The September 16, 2015 tsunami
The epicentre of the Illapel earthquake (September 16, 2015) was located at 71.741°W and 31.637°S at a depth of 23.3 km (http://www.sismologia.cl), where the rupture velocities reached 1.5-2.0 km/s (Heidarzadeh et al., 2016) . The Illapel earthquake occurred between two lower coupling zones (LCZs): a small zone near 32°S, and a larger one in the north, near 30 30.5°S in front of La Serena. This seismic event occurred near the northern end of the rupture zone of the 1730 megaearthquake with magnitude Mw ~ 9.0 that probably controls the seismic cycle of central Chile (Ruiz et al., 2016) .
Considering two earthquakes of magnitude Mw ~8.0 that occurred previously (1943 and 1880; Beck et al., 1998 ), Nishenko (1985 suggested that the Illapel zone was a seismic gap.
Because of the inter-plate event, a transoceanic tsunami of moderate height was generated, causing damages along the 35
Chilean coasts, especially in the Coquimbo Region. Aránguiz et al. (2016) indicates the tsunami run-up varied between 4 and 6 m in places close to the origin region, even with maximum of 10.8 m. Moreover, local bathymetry and topography promoted the tsunami to cause greater damage in some urbanized coastal locations. The tide gauge record shows that the earthquake occurred shortly after the low tide at the epicentre (Fig. 2a) , which means that the highest observed wave of the Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org /10.5194/nhess-2018-25 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. The Coquimbo Region was the most affected by the tsunami. Authors such as Tomita et al. (2016) indicates that the tsunami was diffracted and refracted by the Coquimbo Peninsula, and then converges to the inner southwestern corner of Coquimbo Bay, located behind the peninsula. In the bay, the maximum vertical run up was 14 m in the Baquedano sector (Fig. 1)  5 whereas towards the north the run up only reaches <0.5 m and according to our reconstruction, the waves penetrated inland more than 950 m in the Elqui mouth and almost 700 m in Culebrón stream mouth, while in Coquimbo port and Serena they only reached 100-200 m and ca. 30 m respectively ( Fig. 2b and 2c ).
Both the earthquake and the tsunami caused 11 fatalities, 12 injuries while 1 person remain missing and a total of 118,812 people affected in Coquimbo Region (CCT-ONEMI, 2015) . The most significant effects are recorded in the denominated 10 "Zero Zone" located in the sector of Baquedano and Coquimbo Port. In this place, the tsunami hit hard affecting the port structure, the local market, the fishing creek, commerce and large number of private homes and 17 boats were dragging from the sea. After the tsunami event, MINVU generated a cadastre where 1,921 houses are included with non-repairable damages and 5,364 houses resulted with various types of damages.
Vulnerability assessment 15
Sector 1 -Coquimbo Port
Coquimbo Port is in the southwestern sector of the Coquimbo Bay ( Fig. 1 and 5 ). The analysis of this sector considers 136 buildings that represent 10.98% of the total flood scenario that reaches here flood depths higher than 2 m ( Fig. 2 and 4a ).
Although it does not present a natural barrier, the buildings in this sector (mostly 1 and 2 stories) are protected by a 3 -5 m height vertical seawall. 20
Very high or high RVI occur along the coastline and represent the most important category in the PTVA-4 model (33.83%) while they only represent 23.53% in the PTVA-3 model ( Fig. 5 and Table 6 ). In this first building row, both the waves and movable objects available in the port would impact the buildings (as it happened in 2016; Fig. 4b ), which are mainly constructed with light materials (Fig. 4a) . On the other hand, some isolated constructions are moderately vulnerable to a tsunami impact, regardless their distance from the coast, due to attributes such as the construction material, the preservation 25 status or the foundations (Fig. 5 ).
For flood depths ranging from 1 to 2 m, the PTVA-3 model results vary according to the location of the buildings. Most of builds located in second or third row get moderate or average vulnerability when compare with constructions in the first row that score high or average RVI. For PTVA-4 model, a high-moderate RVI is predominant in these flood depths interval.
However, in both models, the buildings with minor RVI are affected by flood depths smaller than 1 m. Finally, our results 30 indicate that the model PTVA-4 obtains the largest number of buildings with High and Very high RVI scores (Table 6 ).
Sector 2 -Baquedano
Sector 2, located south in the Coquimbo Bay, is partially protected by a small marshland ( Fig. 1 and 6 ) that has been included in the model as a natural barrier (nb=0.5). On the other hand, the non-existence of a seawall in the area together with the low topographic elevation cause that the tsunami floods this area with depths up to 4 m (Fig. 6 ) affecting a total of 35 475 buildings (38.34%) ( Table 6 ).
Baquedano is the historical centre of Coquimbo and its residential houses are more than 100 years old. The sector presents a wide variety of building materials from grey block masonry to tin plate, red brick or adobe. First row buildings present RVI scores ranging from minor to very high as the southern ones are protected by marshes bodies that retain the energy propagated by the tsunami wave. In addition, some building features included in the Bv parameter, such as the number of 40 stories and the foundations, help to decrease the RVI scores. Although partially protected by a marshland, the area is exposed to flood depths > 3 m that result in a very high and high RVI score percentage (7.78% and 11.15% for the PTVA-3 and PTVA-4 models respectively) ( Table 6 ). The most vulnerable buildings in the sector are one or two stories high (Fig. 4c, 4d and 4e) and they are located in the first three building rows. In most cases, buildings with an average or minor RVI correspond to different types of buildings with flood depths < 1m, moderately protected by natural or anthropogenic barriers 5 and/ or reinforced concrete story buildings with more than 5 floors and deep foundations (Fig. 4f) , regardless of their location with respect to the coastline (Fig. 6) . Most of the buildings (63.16 %) obtain an average RVI score using the PTVA-4 model whereas using the PTVA-3 model only 30.53 % obtained this classification. In the later, most of the buildings are classified as moderate vulnerability (Fig. 6 ).
Sector 3 -La Cantera 10
La Cantera, located southeast of the Coquimbo Bay ( Fig. 1 and 7 ) presents, as Sector 2 did, a moderate extension of marshland, i.e. a natural barrier, and no seawall protection, with an overall low topographic elevation. The flood scenario shows water depths that range from 0 to 3 m although in the urbanized area depths only reach up to 2 m. Most of the constructions in the sector are detached or bungalow houses isolated and separated several hundred of meters one from another. This circumstance increases the potential damage of the tsunami and movable objects impacts and therefore their 15 vulnerability (Fig. 4g) .
A total of 125 buildings have been considered in the sector (10.09% of the total analysis; Table 6 ). For both PTVA models, buildings with flood depths ranging from 1 to 2 m due to their characteristics (small number of stories, poor ground floor hydrodynamics and/or average depth foundation) and the effect to direct exposure to the tsunami waves and movable objects obtain an average RVI score. On the other hand, most of the buildings with flood depths < 1 m obtained RVI scores that 20 range from minor to moderate using both models. In summary, in this sector the flood area reaches 350 m inland and most of the affected polygons present a moderate RVI (Table 6 ) however, the PTVA-3 model indicates an average -moderate RVI (83.2%) whereas the PTVA-4 model shows a moderate -minor RVI classification (73.6%) (Fig. 7) .
Sector 4 -Caleta Peñuelas 25
Caleta Peñuelas location, between Coquimbo and La Serena, results in almost all its urbanized area affected by the tsunami flood ( Fig. 1 and 8 ). This sector analysis contemplates 26.31% of the total evaluated buildings (326 buildings) (Table 6 ). In this area, most of the houses are one or two-story buildings (322 houses / 98.77% of buildings total) and according to the tsunami scenario they would be affected by flood depths <1m. In addition, the buildings are generally constructed using lightweight materials such as wood, aluminium or simple brick, with average or shallow foundations. The ground floor 30 hydrodynamics can be generally described as not open plan (Fig. 4h) , what causes the building structure to directly receive the tsunami wave. The polygons located between the road and the Pacific Ocean (Fig. 8) are directly constructed in the beach and correspond to restaurants and other facilities that results in average RVI scores in both models mainly due to the low flood depths. Landward, the main group of buildings shows a predominant moderate and minor RVI scores for the PTVA-3 and 4 respectively ( Table 6) . 35
Sector 5 -La Pampa
The coastal border of La Pampa is one of the residential and touristic sectors in La Serena (Fig. 1) construction materials, shallower foundations, and less floors being then, more vulnerable. A total of 120 buildings have been analysed in this sector (9.68% of the total). The results obtained (Fig. 9) classify the area as a relatively safe sector under the 2015 tsunami scenario, with most of the obtained RVI scores being minor in both models (Table 6 ). This last model obtains the largest number of minor RVI score as most of the polygons correspond to more than 5 stories buildings.
Sector 6 -La Serena 5
The last sector, La Serena, considers 4.6% of the studied polygons, i.e. 57 (Table 6 ). The flood depth in this area is <1 m with the smallest affected area. As in Sector 5, buildings in La Serena correspond to reinforced concrete structures with more than 5 floors. The RVI assessment shows that La Serena, is a sector with moderate -minor RVI scores for this tsunami scenario (89.48% and 98.25% for the PTVA-3 and PTVA-4 models, respectively) ( Table 6 ). These circumstances are associated with the flood depth in the sector but mainly with the type of constructions (Fig. 10) . 10
PTVA-3 vs. PTVA-4 results
The distribution of the final RVI scores in the cities of La Serena -Coquimbo allow us comparing the vulnerability assessment. Fig. 11a shows the distribution of the flood depth impacting each building according to the field-based reconstructed scenario. The maximum value is 3.49 m however, most of the buildings were flooded less than 0.5 m.
Dall 'Osso et al. (2016) exposed that the Ex, Bv, Prot parameters are better distributed using the PTVA-4 model than with the 15 PTVA-3 due to the difference in the re-scaling procedure adopted by the models. Therefore, according to them the newest model RVI scores should be more representative. Fig. 11b shows the distribution of the final RVI scores obtained with the PTVA-3 and PTVA-4 models. To compare both models we used for the PTVA-4 model the Jenks' Natural Breaks Algorithm (Jenks, 1977) classifying the RVI scores in 5 categories. For the very high and high RVI, both models show a similar number of buildings although the total number in these categories is small and only represents < 10% of the total 20 analysed buildings. The less vulnerable categories do not show a clear tendency. While the number of buildings with minor and average RVI scores in the PTVA-4 is higher this pattern is inverted for the moderate category. In this sense, according to the PTVA-4 model RVI results, the largest number of buildings will be classified as minor and average vulnerability what should be a better reflection of the expected scenario then the PTVA-3 model results (Dall'Osso et al., 2016) .
Tsunami vulnerability model validation 25
As pointed out by Dall'Osso et al. (2016) the PTVA-3 and PTVA-4 models provide a RVI score that can be used to compare the expected performance of buildings. We have compared the two models results with the real damages occurred after the 16S event, which was used for the flood scenario, in Sector 2 (Fig. 12) . This sector has its own architectonical characteristics (see 5.2) and was flooded with high flood depths and therefore, it is not representative for the whole study area.
Nevertheless, it can be used as a good example to check both models as it presents different flood depths and RVI scores in 30 all the categories. After the tsunami, MINVU assessed a total of 190 buildings in this sector what represents only 40% of the tsunami building vulnerability assessment for the sector in this study (Table 6) .
We have compared the RVI trends with the MINVU data trend (Fig. 12) , the curves show a unimodal distribution with the maximum located at range 3 in the PTVA models and in range 2 in the actual damages. The latter presents dispersed values along the range-axis without any of the categories being more significant than the others. On the other hand, the PTVA-3 35 RVI values distribution reveals a normal distribution with a better-defined maximum and a negative asymmetry resulting in smaller RVI scores. Finally, the RVI scores obtained in PTVA-4 show a well-defined peak that is, most of the values are concentrated in one range. Although PTVA-4 model shows better accuracy according to Dall'Osso et al., (2016) , our data Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org /10.5194/nhess-2018-25 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 7 February 2018 c Author(s) 2018. CC BY 4.0 License.
suggest a larger imbalance in the trend respect to the PTVA-3 model when compare to the actual performance of buildings trend. In any case, clear differences exist among both models and the real damages in the scenario.
Conclusions
This paper analyses and validates the use of the two latest versions of the PTVA model (PTVA-3 and PTVA-4) in a real case scenario, the 16S 2015 event in the cities of La Serena and Coquimbo. Results of both PTVA-3 and PTVA-4 models show 5 that in the scenario the most vulnerable areas are sectors 1 and 2 (Coquimbo Port and Baquedano) what agrees with the most damaged areas after the 2015 tsunami. Both models result in a similar number of very high and high RVI scores although these categories only represent <10% of the total analysed buildings whereas the less vulnerable categories do not show a similar trend and PTVA.4 model obtains a larger number of minor and average RVI scores that should be a better reflection of the expected buildings performance. However, when compare with the actual damages occurred after the 2015 tsunami in 10 the Baquedano sector, the PTVA-3 RVI scores show a normal distribution that is more similar to the actual damages distribution trend than that obtained by the PTVA-4 model that shows a more concentrated distribution of the RVI scores.
Even though the Chilean construction regulation is severe, historical buildings are still vulnerable to tsunami impacts and therefore, future tsunami mitigation measures should focus on these areas. 
